the product phases were examined as function of nitrogen content using X-ray powder diffraction, high-resolution electron microscopy and Mössbauer spectroscopy. It was found that the grain size decreases with increasing nitrogen content. Unexpected shifts of the reflections in the X-ray powder diffraction patterns of the supersaturated N-ferrites, depending on the hkl values of the reflections and nitrogen content, were observed. It could be shown that these shifts cannot be explained by tetragonal distortion of the bcc-unit cell, but they are in accordance with the occurrence of a certain type of stacking faults on bcc-{211} planes. This result, together with the
Introduction
Ball milling has attracted considerable attention in materials science in the last decades since it is a technique which for many systems, by a solid-to-solid route at room temperature, offers the possibility to produce non-equilibrium phases, e.g. severely distorted nanocrystalline F o r P e e r R e v i e w O n l y 2 phases, extended solid solutions, disordered intermetallic phases and amorphous alloys [1] [2] [3] [4] [5] [6] .
In the system Fe-N, ball-milling [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] in particular has been frequently discussed as a possible synthetic route to produce single-phase &''-Fe 16 N 2 , a nitrogen-ordered martensitelike phase, which is claimed to possess unique magnetic properties [23] , but has not been produced as single-phase bulk material until now. Two other metastable Fe-N phases could be produced via ball milling: (i) a solid solution of nitrogen in &-iron with a largely extended nitrogen solubility (proposed symbol: &''', [8] ) up to about 16.5 at% nitrogen [9] (thus comprising the Fe 16 N 2 composition, i.e. 11.1 at% N), which is a multitude of the equilibrium solubility of nitrogen in &-iron (0.4 at% at 592°C, [24] ) and (ii) an iron-rich (-iron nitride in a temperature-composition window, within which the (-nitride is thermodynamically unstable with respect to transformation into G'-Fe 4 N or decomposition into G'-Fe 4 N and &-iron [24] .
These metastable phases appear to form upon sufficiently long milling of &-iron in the presence of a nitrogen source, independent of the type of nitrogen source whether it is solid (iron nitrides, nitrogen containing organic compounds) [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] or gaseous (nitrogen, ammonia) [16, 17, 22] ; the type of phase formed appears to depend only on the total Fe/N ratio of the reacting system.
Especially the solid solution of nitrogen in &-iron with a largely extended nitrogen solubility has been subject of a number of investigations attempting to clarify the crystal-, nano-and microstructure of this phase in relation with the unusually high nitrogen solubility (up to 16.5 at%). Usually, the solubility of nitrogen (and other interstitially dissolved atoms)
is very low for bcc-type materials due to the irregular shape and limited size of the octahedral interstitial sites which gives rise to considerable local, tetragonal lattice distortion upon interstitially dissolving of nitrogen. X-ray powder diffraction (XRPD) patterns recorded from such supersaturated N-ferrites show some unexpected features: the reflection profiles tend to be asymmetric [16] [17] [18] [19] and the lattice spacings calculated from the reflection maxima are too small in view of the nitrogen content and the known dependency [25, 26] of lattice parameter [17, 20] . As explanation for the too small lattice-parameter values, it was suggested that nitrogen segregates to defects, which are introduced in a large number by ball milling [19] , or even the occurrence of an amorphous nitrogen-rich grainboundary phase was postulated [20] . The asymmetric reflection broadening was ascribed to the ferrite matrix on average being completely or partly tetragonally distorted [15] [16] [17] [18] [19] , implying preferred occupation by nitrogen of one of the three types of octahedral interstitial sites, as in nitrogen martensite. This interpretation was rejected by other authors on the basis of Mössbauer spectroscopy and electron diffraction data [8] [9] [10] . Furthermore, in one work [7] , it was noted in passing that a hkl-dependent reflection shift may occur with increasing nitrogen content, which effect has not been investigated further and quantified until now.
The general difficulties in obtaining an unambiguous structure model of the supersaturated solid solution of nitrogen in &-iron, consistent with the experimental observations, is at least partly caused by the small crystallite size in combination with the high defect density which is result of the severe plastic deformation process via ball milling. This results in very broad Bragg reflections in X-ray powder-diffraction patterns, leading usually to a poor signal-to-noise ratio; also the use of optical or scanning-electron microscopy for microstructural investigations cannot provide adequate information. 
Experimental procedure

Ball milling
As starting materials, mechanical mixtures of &-iron powder and (-iron nitride powder were used. The iron powder (Alfa Aesar) had a purity of 99.9 wt% with respect to the metal base and a purity of 99.5 wt% considering also non-metallic impurities, the particle size was of less than 10 µm. The (-iron nitride powder was produced by gas nitriding of iron powder (3×36 h at 510°C in an ammonia/hydrogen atmosphere, applying a technical nitriding furnace (C.
Gommann KG, Remscheid, D, see also [27] ). The (-iron nitride powder had a final nitrogen content of 26.5 at%. To prevent oxidation, the powders were stored in an argon-filled glove box. The iron and (-iron nitride powders were weighted-in in specified weight ratios to establish a desired total nitrogen content in the powder mixtures and were mingled in a mortar to realize a uniform initial intermixture. The resulting powder mixtures were filled into a stainless steel vessel for milling together with stainless-steel milling balls of 10 mm diameter, also in the argon-filled glove box to assure an inert atmosphere inside the vessel. The use of about 7.2 g of powder mixture together with 35 milling balls resulted in a constant powder-toballs weight ratio of 1:20 for all experiments. The vessel was afterwards sealed by an o-ring and additionally by parafilm. The powders were milled in a "Fritsch Pulverisette 6" planetary ball mill at a rotational speed of 500 rpm for 40 h (effective milling time). Every 30 minutes, the milling process was interrupted for 20 minutes to minimize the temperature raise during milling. After each interruption, the direction of rotation was reversed. (sample A5, see section 3 and table 2) , the alloying process during ball milling was traced as a function of milling time by XRPD measurements using a Guinier camera "Enraf Nonius FR 552" applying Mo-K& 1 radiation (5= 0.70926 Å). To this end, a few mg of sample material were removed from the vessel after certain milling times in the argonfilled glove box. The amount of removed material was small enough to ensure that the ball-topowder weight ratio was not changed significantly.
X-ray powder diffraction (XRPD)
The steady-state products as obtained after 40 h of ball milling in all experiments were examined using an X'PERT Multi-Purpose-Diffractometer in T-T-Bragg-Brentano geometry, employing Co-K& radiation (5 &1 =1.78897 Å, 5 &2 =1.79258 Å) and using a monochromator in the diffracted beam. For this purpose the powders were suspended in isopropanol and sedimented on a (510)-cut Si crystal plate (wafer) using a supporting brass ring during evaporation of the liquid.
The thus recorded diffraction patterns were analysed using the program TOPAS [28] .
An instrumental-profile function was determined for the chosen diffractometer setting using a LaB 6 powder (NIST standard reference material, SRM660a) employing the fundamental parameters approach [29] ; some parameters pertaining to certain instrumental-line profile contributions like the wavelength-distribution function were allowed to be refined in the fitting of the LaB 6 reflections. The instrumental profile thus obtained was convoluted with a split pseudo-Voigt function for each single bcc-type reflection, using the programming language available in the Launch Mode of TOPAS. By least-squares-fitting to the reflections recorded from the ball-milled powders, the parameters peak maximum (26 max ), full width at half maximum (FHWM), asymmetry, intensity and mixing parameter of the pseudo-Voigt functions were extracted for each single reflection (data in sections 3.2 -3.4). The nitrogen content and the extent of oxygen contamination of the final products were determined using carrier-gas hot extraction (ELTRA ONH 2000).
Chemical Analysis
Mössbauer spectroscopy
Spectra were obtained at room temperature in transmission geometry with a Wissel driver working in the constant acceleration mode in the velocity interval ( -8, + 8 mm s -1 ). The 57 Co atoms of the 50 mC source are dissolved in a rhodium matrix.
Transmission electron microscopy
For high-resolution transmission electron microscopy (HRTEM) examinations, the powders were mixed with an epoxy resin and put between two silicon discs, which are strengthened by aluminum bars on top and on bottom. After hardening of the epoxy resin, cross-sectional slices were cut from the package, which were dimpled and ion-thinned to achieve an electron transparent sample thickness. The samples were examined with a JEOL-ARM 1250 transmission electron microscope applying an electron acceleration voltage of 1250 kV.
Experimental results
Chemical composition of the as-milled samples
Chemical analysis showed that no loss of nitrogen occurred during ball milling, see Table 2 .
The slight increase in nitrogen content detected for most of the samples (compare Table 2 and Table 1 ) is attributed to uptake of nitrogen from the atmosphere, which is unavoidable in the ball milling experiment, despite the measures taken to prevent contamination by atmospheric gases (cf. section 2.1). The same holds for the increase in oxygen content, which is expected to lead to formation of oxides, which however were not detected by X-ray diffraction. Hence, as the nitrogen content changed slightly during milling, the final (steady-state) N content in the as-milled state, as determined by chemical analysis, will be referred to henceforth. 
Phase analysis
The evolution of the mechanical alloying process was traced for sample A5 as function of milling time using XRPD (Fig. 1) . (Table 2 ).
{Place Fig. 1 about here} However, the non-detectability by XRPD of a given phase after extended ball milling does not constitute an unambiguous proof of its absence, because, due to the extreme diffraction-line broadening, the reflections of severely deformed material can become indistinguishable from the background signal [1] . In order to resolve this ambiguity, an additional diffraction pattern ( Fig. 3 ). For samples with higher nitrogen content, (-iron nitride was detected additionally to the supersaturated ferrite. It strikes that the upper limit of about 16 at% nitrogen for supersaturated N-ferrite is about equal to the lower limit of nitrogen content for (-iron nitride at elevated temperatures (see phase diagram in Ref. [24] ).
{Place 
where 6 max,hkl is the peak position (e.g. peak-maximum position). If the broadening originates solely from a reduction of the size of coherently diffracting domains (reduction of crystallite size, stacking faults, twins) the integral breadth of the reflection hkl is given by 
where D is the mean size of the coherently diffracting domains and 5 is the wavelength.
According [25, 26] . It has also been shown that the increase in volume per iron atom with nitrogen content is given by the same linear dependence for &'-nitrogen martensite and (-iron nitrides (for nitrogen contents less than 33 at.%) [32] . It is questioned whether these dependencies also hold for ferrites of large nitrogen supersaturation as produced by ball milling. 
where a hkl can be called "apparent lattice parameter", similar to an approach in an other case where anisotropic reflection shifts occurred [33] . -Fe 16 N 2 nitride phase appeared, whereas for supersaturated nitrogen ferrite, the '-Fe 4 N phase appears [35] .
Data concerning the distribution of N interstitials, in terms of the iron environments, in the ball-milled supersaturated nitrogen ferrite were obtained by numerical fitting of the Mössbauer spectra on the basis of least-squares fitting adopting a Lorentzian peak-shape function corresponding to absorption peaks as obtained for thin absorber conditions. Fig. 7 .
{Place Fig. 7 and Table 3 about here} Different iron environments correspond to different domains of hyperfine parameters.
In agreement with Ref. [9] , distinction of iron environments can be based mainly on the hyperfine magnetic field H. ) or zones close to lattice defects for which some nitrogen segregation may have taken place, therefore the corresponding mean environment is referred to as Fe n with n = 3 ± 1.
Due to the six-fold coordination of N by Fe in an octahedral interstitial site of the bccFe lattice, the following relation between the relative abundances P i of the environments Fe i (0 \ i \ 6) and the nitrogen/iron atomic ratio y of the supersaturated ferrites holds: powder fractions and proved by chemical analysis (Table 2) . A comparison of the Mössbauer site abundances with those corresponding to a binomial distribution (see Table 3 ) shows that the occupation of interstitial sites by N atoms in the supersaturated ferrite does not occur completely disorderedly.
High-resolution transmission-electron microscopy of samples A1 (nearly pure iron; 0.77 at% nitrogen) and A4 (10.8 at% nitrogen) confirms a main result of the line-broadening analysis (section 3.3): the crystallite size decreases with increasing nitrogen content. This can be directly concluded from the high-resolution images and the selected-area diffraction (SAD)
patterns, where for both samples an electron-diffraction pattern was taken from an area of the same size (Fig. 8) . In case of the pure iron sample single spots corresponding to several individual crystals are discernible, whereas in case of the nitrogen-rich sample, reflection spots from a much larger number of very small, randomly oriented crystallites are superimposed and give rise to the formation of diffraction rings.
The analysis of the high resolution images is difficult due to (i) the small crystallite size, which frequently leads to overlapping of crystallites of different orientations in the viewing direction, and (ii) the severe lattice distortions.
In one case, for the nitrogen-rich sample, a specific orientation relationship between adjacent crystallites could be observed: {1 10 } bcc1 ]{110} bcc2 and <111> bcc1 ] <001> bcc2 , see Fig. 9 . Also, as an unfrequent observation, a crystallite adjacent to grain 2 is visible in Fig. 9 , which obviously has a fcc structure with the orientation relationship: 
Steady state for crystallite size and microstrain as function of nitrogen content
The crystallite size upon ball milling is determined in general by two competing processes:
formation of grain boundaries by breakage and rewelding of crystallites or dislocation rearrangement on the one side and dynamic recrystallization on the other side [36] . The results from the Williamson-Hall plots (Figs. 5a,b) and the HRTEM investigations (Figs. 8, 9) show that the steady-state ( contents (here, beyond about 7 at%), the grain size is reduced further (Fig. 5a ). Below a critical value of the grain size a breakdown of the Hall-Petch relation can occur: For such small grain sizes, a decrease in yield limit with decreasing grain size has been reported for many metallic systems (so-called inverse Hall-Petch relation) [39] . This effect is attributed to Fig. 9 ; section 3.4) parallels observations made previously for the Fe-C system (pearlitic steel) after severe deformation by highpressure torsion [41, 42] . Such data can be an indication of an unconventional deformation mechanism operating in nanocrystalline iron-based alloys containing interstitial solute atoms.
Molecular dynamics simulations [43] for crack-tip regions in nanocrystalline (pure) iron have shown that upon loading the local formation of a transitional fcc phase is possible by a shear process along the bcc-{110} planes, which is basically a bcc-like to fcc structure transformation. Upon further shearing, the transitional fcc phase is transformed back to bcc.
The orientation relationship as predicted by these simulations agrees with the one observed in the here discussed HRTEM image (Fig. 9) . The presence of nitrogen or carbon stabilizes the austenite, fcc phase, which promotes the occurrence of the above indicated deformation mechanism.
Crystallography of supersaturated N-ferrite
The shifts of the reflection maxima of the supersaturated N-ferrites as functions of hkl and nitrogen content are the most striking observations of this work. Two possible explanations for these phenomena will be discussed here, (i) tetragonal distortion of the bcc unit cell of the supersaturated N-ferrite and (ii) the presence of a certain type of stacking faults.
Tetragonal distortion of the ferrite, bcc unit cell
The occurrence of a tetragonal distortion of the bcc unit cell was proposed previously as a possible explanation for the observed asymmetric nature of the line broadening [15] [16] [17] [18] [19] (a systematic hkl-dependence of the shifts of the reflection maxima was not reported in these works). This tetragonal distortion would be realized by preferential occupation by nitrogen of only one type (of three types) of octahedral interstices; i.e. Zener ordering. However, this ordering process is unlikely already because ball milling generally promotes disorder [1] . The effect can be abandoned in particular on the basis of the following evaluation.
Tetragonal distortion leads to splitting of the bcc reflections into sub-reflections with a specific intensity ratio (only reflections with |h| = |k| = |l| are not affected by tetragonal distortion). For all-different |h|, |k|, |l| there is a splitting into three sub-reflections ("triplets")
with an intensity ration of 1:1:1, in case of |h| = |k| b |l| or |h| b |k| = |l|, the original bcc reflection splits into two bct (body-centered tetragonal) subreflections ("doublets") with an intensity ratio of 2:1 (this case would pertain to the four bcc type reflections considered in this work). When reflection broadening is very pronounced, as in case of the supersaturated Nferrites produced by ball milling, such sub-reflections may overlap, leading to asymmetric pseudo-bcc reflections, whose maxima are shifted with respect to the expected values for an undistorted bcc structure.
To check the validity of the proposal of tetragonal distortion it is reasonable to analyse the measured patterns with reflection groups, each group corresponding to one bcc reflection, representing the split-up sub-reflections ("doublets") formed by tetragonal distortion. In case of the four reflections analyzed in this work, pairs of pseudo-Voigt functions were fitted to each of the reflection groups taking into account the instrumental broadening, on the basis of The peak-profile parameters, full width at half maximum (FHWM) and mixing parameter (the asymmetry was set to nil), were fitted individually for each sub-reflection. The integral intensity ratios were fixed for every pair of sub-reflections ( = "reflection group") to be 2:1 (see above), whereas the total (i.e. integral) intensities of the tetragonal doublets were refined independently.
The results of this refinement procedure for sample A4 are shown in Fig. 10 . It is evident that the measured diffraction pattern cannot be described on the basis of the fitting results: Neither, the shape of the bcc-110 reflection nor the position of the bcc-211-reflection can be modeled adequately with the concept of tetragonal lattice distortion. Moreover, the bcc-200 reflection could only be described on this basis with physically unreasonably large FHWM values for the bct-002 sub-reflection and the bct-112 sub reflection, see Table 4 .
Hence, tetragonal lattice distortion does not provide a consistent explanation of the individual peak-maximum shifts and peak shapes. Former suggestions of tetragonal distortion [15] [16] [17] [18] [19] , on the basis of the line broadening of a single reflection, are untenable.
{Place Fig 10 and Table 4 about here}
Stacking faults including spacing faults on bcc {211}-planes
Based on a theoretical framework by Warren [44] , Wagner, Tetelmann and Otte calculated the effect of stacking faults on {211}-planes in bcc crystals [45] on the positions of reflection maxima in (X-ray) powder-diffraction patterns. The most important aspect of this model is the recognition that the introduction of such a stacking fault, which is characterized by a displacement of a/3 <1 1 1 > parallel to the {211}-stacking fault plane, is associated with an 
where 6 0,hkl is the diffraction angle calculated for the cubic lattice parameter a 0 , and where @ is the stacking fault probability and A is the local change in layer spacing between two adjacent {211}-layers comprising a stacking fault and is given by ,211 0,211 0,211
where d SF is the strained {211}-lattice plane spacing at the stacking fault and d 0 is the regular {211}-lattice plane spacing (calculated from a 0 , see above). J' hkl is a constant which is characteristic for each hkl and takes into account that reflections in a powder-diffraction pattern can be composed of different sub-reflections corresponding to permutation of hkl indices and which are inequivalent with respect to the type of stacking/spacing faulting.
Values for J' hkl are given in Table 5 . The "apparent" lattice parameter (cf. Eq. (4) Comparing the values for J' hkl , which determine the deviation of the apparent lattice parameters from the lattice parameter a 0 , with the trends for the experimentally determined apparent lattice parameters of the supersaturated N-ferrites, shows that the effect discussed can at least qualitively explain the observations (Fig. 6a) . Comparison of the experimentally determined data (Fig. 6a) and the best fits for the various nitrogen contents (Fig. 6b) shows that some deviations occur, which are mainly caused by an apparent lattice parameter deduced from the 110 reflection that is larger than that deduced from the 220 reflection, which is impossible according to the model used here.
The resulting values for the two fit parameters a 0 and @A are shown in Fig. 11 . Their physical plausibility can be discussed as follows: The lattice parameter a 0 , for the unfaulted cubic ferrite, increases with increasing nitrogen content, but not as strongly as expected by extrapolation the relations given in [25, 26] for ferrite with nitrogen contents up to 0.2 at%.
This could be due to the segregation of nitrogen at lattice defects, where less dilation is required to accommodate the dissolved nitrogen (tensile strained region at dislocation line; octahedral site at stacking fault larger than in the bulk (see below)).
{Place Fig 11 about here} The octahedral interstitial sites at the stacking faults are larger than those in the bulk:
the distance between the interstitial site and the nearest neighbouring Fe atoms is by 19%
larger at a stacking fault; cf. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 shuffling) is needed within the faulted {211}-plane, which is likely to occur (see also Fig. 12 ).
The existence of this type of stacking faults could not be proven by HRTEM imaging. Best visibility is expected in grains with <211> parallel to the incident electron beam, i.e. then the stacking fault is imaged edge-on, but only for two of the six equivalent <211> directions, which orientations practically did not occur in the investigated foils.
{Place Fig 12 about here} The parameter @A determines the extent of the anisotropic hkl reflection shift (Eq. (8)).
Its observed increase with increasing nitrogen content (Fig. 11) could be attributed to an increase of @, the stacking fault density (probability), and/or to an increase of A, the increase in layer spacing at the stacking fault. It may be suggested that stacking faults in the present samples are stabilized by the presence of dissolved nitrogen, as discussed above, which can explain the increase of @A with nitrogen content. An alternative or complementary interpretation of the increase in stacking fault density with increasing nitrogen content could be given recognizing the decrease of crystallite size with increasing nitrogen content (Fig. 5a , section 4.1): Planar faulting (introduction of stacking faults and/or twins) can replace glide of perfect dislocations as predominant plastic deformation mode in nanocrystalline materials, which has been observed e.g. for nanocrystalline aluminum, whereas planar faults have not been observed in coarse grained aluminum upon plastic deformation [46, 47] . Further, twinning upon plastic deformation has been observed in different nanocrystalline fcc metals, which yields no net macroscopic strain, but is supposed to assist plastic deformation by favourable reorientation of grains [48] .
If the atoms of the bcc crystal would be hard spheres, A can be estimated to be 0.06 [45] . Adopting this value of A, @ would be 0.75 in case of the sample of highest nitrogen content in this study, which is unrealistic as the resulting crystal structure would no longer 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 correspond to a (distorted) overall bcc-crystal structure. Hence, it appears that also A increases considerably with nitrogen content, e.g. to 0.2, which would lead to realistic @ values. Such increase of ( is compatible, indeed, with the above suggested nitrogen segregation at the stacking faults.
Conclusions
Extremely supersaturated N-ferrites, with nitrogen contents up to 15.6 at%, can be produced by ball milling mixtures of pure iron powder and (-iron nitride powder. The nitrogen content has a strong influence on the values for crystallite size and microstrain attained in the steady state (after 40 h of ball milling). A small fraction of fcc-like crystallites occurs for the ballmilled iron-nitrogen alloys.
The crystallite size decreases with increasing nitrogen content, due to the stabilization of grain boundaries by nitrogen segregation, thereby hindering dynamic recrystallization, and a more brittle nature of the material promoting fracture of the crystallites.
The increase in microstrain broadening up to about 7 at% nitrogen is due to the increase in yield limit caused by the nitrogen solute atoms and an increase of grain-boundary density. Below a critical value of grain size (occurring for nitrogen content larger than about 7 at%) a decrease of microstrain is due to a decrease of yield limit caused by a replacement of dislocation glide as predominant mechanism for plastic deformation by alternative mechanisms.
The bcc reflections in the XRPD patterns show characteristic hkl-dependent shifts which increase with increasing nitrogen content. Interpretation of these reflection shifts as caused by a tetragonal lattice distortion, as proposed previously, is incompatible with the experimental results obtained for a series of hkl reflections as well as with Mössbauer spectra.
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